We measured the visible reflectance spectra of whole wing sections from three species of iridescent butterflies and moths, for normal incidence, integrated over all reflected angles. In this manner, we separated the optics of the thin films causing the iridescence from the optics of the rest of the scale. We found that iridescence reduces solar absorption by the wing in all cases, typically by approximately 20% or less, in contrast to claims by Miaoulis and Heilman [Ann. Entomol. Soc. Am. 91,122 (1998)l that the thin-film structures that produce iridescence act as solar collectors. Q
Introduction
Scientists have puzzled over the source of iridescence in some insects for more than 150 years.1 Mason2 showed conclusively that the color of certain butterflies and moths is due to thin-film interference, by destroying the iridescence with index-matching fluid and by shifting the color of the iridescence by stress and by swelling the individual layers. More recent work analyzed the reflection of light by a structure of alternating chitin and air layers,%' as occurs in these insects, elucidated the microscopic details of the scales, which could affect the color of the wings, 8 and examined the optics of single scales. 9 Recently, Miaoulis and Heilman5s6 and others have claimed that iridescent structures on wing scales could play a role in lepidopteran thermoregulation, acting as solar collectors. They make this claim not by comparing solar absorption by iridescent scales with absorption by noniridescent scales, but by computing the reflectance spectrum for alternating planar layers of chitin and air a t normal incidence and reflection, calculating the fraction of solar energy absorbed by the wing, and then comparing this fraction for hypothetical planar four-chitin film layers of different layer thicknesses corresponding to actual iridescent insects. Miaoulis and Heilman note that their results contrast with the experimental work of Schultz and Hadley,lo who observed no thermoregu-latory difference between iridescent beetles and their noniridescent kin.
There are three problems with the analysis of Miaoulis and Heilman. First, it is based on a simple numerical optical model that gives a poor fit to even their own experimental data. It predicts reflectivity spectra that differ from the measured spectrum by nearly half of the maximum reflectivity (near 650 nm for P. palinarus5 and near 430 nm for U. fulgens6).
Second, although they acknowledge the importance of the natural curvature and microstructure of the scales that contain the thin-film structures, their model appears to ignore these effects. And finally, they conclude that the thin films behave as solar collectors without considering, either theoretically or experimentally, the reflectance spectrum of a similar noniridescent wing. Can these thin films be said to behave as solar collectors if we do not even know whether they increase absorption relative to noniridescent wings?ll Our goal was to compare the absorption of solar radiation by several iridescent butterflies and moths in both natural form and with the iridescence suppressed to separate the optics of the thin film from that of the scale and to determine whether the effect of iridescence is to increase or decrease the amount of energy absorbed. Since absorption cannot be measured directly, we decided to measure both reflectance and transmission, and since we were interested in the total energy absorbed, it was necessary to begin by measuring the total light reflected, a t all angles, from the wings. mm-diameter Ping-Pong ball, potted in epoxy, with three exit ports: one for the reflectance specimen, one for light collection, and one through which a fiberoptic bundle entered the sphere cavity. The fiber bundle illuminated the reflectance specimen normally from a distance of approximately 1.4 mm. The interior cavity of the sphere was coated with a highly reflecting mat white latex paint. Light exiting the sphere at the detector port was collected by a fiber-optic collector and was sent to an EG&G Model 1461 spectrometer, which measured the spectra in 0.5-nm increments. For each specimen studied, spectra were collected with the specimen, a white barium sulfate surface,l2 and nothing mounted at the detector port. The spectrum of the last of these was subtracted from spectra of both the specimen and the white surface, and these two corrected spectra were divided to yield the reflectance spectrum. In most cases, these spectra were averaged over ten data points-5 nm-to reduce the scatter of the data.
We checked the linearity of the sphere's response by comparing the reflectance spectrum of the white barium sulfate surface to a monochromatic gray surface
Iridescent portions of wings from three species were mounted over the 6-mm-diameter specimen port of the integrating sphere: the nearly specular blue wing of Morpho menelaus, the more diffuse teal wing of Papilio blumei fiuhstoferi, and both green and yellow-orange portions of Urania ripheus. A sample of each was also mounted and treated with index-matching fluid (n = 1.58), which turned all specimens black, with the exception of the yelloworange ripheus wings, which retained a dark bronze hue. We measured reflectance from 450 to 700 nm, as shown in Fig. 2 for M. menelaus, in Fig. 3 for P. blumei, and in Fig. 4 for both green and yelloworange wing sections of U. ripheus.
Although Miaoulis and Heilman graph wing reflectivities for wavelengths between 300 and either 2.55 pm (Ref. 5) or 900 it should be noted that these data came from their numerical model. That model was tested against experimental data only from approximately 400 to 800 nm and shows only rough qualitative agreement with the measured values in the 450-700-nm range of the present study.
Miaoulis and H e i b a n assumed 0% transmission through the wing. We measured the transmission spectrum through M. menelaus by mounting a wing section on a microscope slide exterior to the integrating sphere, illuminating it on its iridescent side from outside the sphere, and collecting the light from the sphere as before. Transmission was less than 10% throughout the visible spectrum and was similar for both the natural and the index-matched specimen. The actual transmission may be higher, given the effects of the microscope slide, but our purpose here was qualitative only, i.e., to verify that the effect of iridescence on transmission was much less than its effect on reflection. 
Data Analysis
In the visible portion of the spectrum, all indexmatched (noniridescent) specimens showed nearly identical monochromatic reflectance of 5-lo%, except for the yellow-orange wing sections of U. ripheus, which had a dark bronze appearance when indexmatched, and reflected to approximately 15% in the near IR (not shown), whether index-matched or not.
The reflectance of the untreated iridescent wings was greater than or equal to that of the index-matched wings over almost the entire spectrum studied, for all specimens. The only exception was P. blumei, and only above approximately 620 nm, where the iridescent wing reflects approximately 1% less of the total incident light.
To estimate the fraction of solar energy absorbed by the wings, we multiplied each reflectance spectrum by a typical solar energy spectrum-the same as that used by Miaoulis and Heilman in their analysisl3-and then integrated the energy over wavelength, subtracting the reflectance of the indexmatched wings. We extrapolated the reflectance of M. menelaus to a shorter wavelength and the yelloworange U. ripheus wing to a longer wavelength by assuming a symmetrical reflectance peak, as is observed in the other two wing sections. Except for the yellow-orange wing section, the difference between index-matched and iridescent reflectances was less than a few percent in the near infrared to at least 750 nm. This calculation shows us that iridescence reduces absorption by approximately 20%, lo%, 5%, and 15%, respectively, for M. menelaus, P. blumei, and the green and yellow-orange sections of U. riph-
eus.
Thus we found no evidence of solar collecting by the iridescent scales of any of these wings; in fad, the iridescence reduces the solar energy absorbed. Unless the thin films that cause iridescence cause the wing to retain more of its reradiated thermal radiation, it is likely that the thermal effect of the films is to decrease the net absorption of solar energy by approximately 20% Or less. Whether a 20% decrease in absorption has a significant thermal effect on the insect, however, remains an open question.
Summary
We have measured the visible reflectance spectrum of four portions of whole wings from three species of butterfly and moth, both in their natural state and also with the iridescence suppressed by indexmatching fluid. In all cases the effect of iridescence is to decrease, not increase, the amount of light absorbed by the wing, typically by approximately 20% or less of the total incident energy. This suggests that the thin films of chitin, which cause iridescence, serve as a [mild] sun block, not as the solar collector previously claimed6$6 in two studies in which no attempt was made to separate the optics of the thin films from that of the rest of the scale.
